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We are studying the gamma ray and neutron multiplicity of various fission processes,
beginning with the spontaneous fission of **Cf, for a variety of basic and applied science
purposes. The Livermore-Berkeley Array for Collaborative Experiments (LiBerACE)
consists of six high-purity germanium Clover detectors (HPGe) each enclosed by an array
of 16 bismuth-germanate (BGO) detectors. These detectors were arranged in a cubic
pattern around a 1 uCi *>Cf source to attempt to cover as much solid angle of gamma ray
emission as possible with a high level of segmentation. The single-gamma detector
response function is determined at several energies by tagging in a HPGe detector on the
photopeak of one of two gamma rays in two-gamma ray calibration sources and
observing the multiplicity of the remainder of the array. Summing these single-gamma
responses in groups yields the response function of the array to higher multiplicity events,
which are convolved with multiplicity distributions from theoretical models and
compared to the measured results to test the models’ validity.

1. Introduction

The precise probability distribution of gamma ray multiplicity is important to a
variety of nuclear applications, especially passive assays of fissile materials.
For instance, a multiplying medium of fissile material may be detectable inside
cargo by the characteristic time signature of prompt fission gamma rays in
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several-generation chain reactions. The ability to detect materials depends
highly on the probability of high multiplicity events.

There has been surprisingly little published work of the detailed multiplicity
probability distributions of fissioning systems. Most work has reported only
general properties, such as the average energy dissipated, the average
multiplicity, or the peak multiplicity [1-4]. Brunson [5] attempted to determine
the multiplicity distribution of 2Cf in an experiment at Los Alamos National
Laboratory (LANL). However, that study suffered from a low degree of
segmentation, fitting a double Poisson extending beyond multiplicities of 20 to
data from only eight detectors. Recent theoretical Monte Carlo simulations [6],
also at LANL, have predicted good, but not exact agreement with this
experiment, especially at high multiplicities, shown in Figure 1.
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Figure 1: Bruson [5] and Lemaire [6] gamma ray multiplicity distribution for **Cf spontaneous
fission.

While we are primarily interested in neutron-induced fission of uranium and
plutonium, confirming the validity of the LANL theoretical model with an
easily-tested 2*Cf source gives confidence in using it to predict more applicable
neutron-induced multiplicity distributions.

2. Experiment

The experiment was performed using the six high-purity germanium Clover
detectors (HPGe) that comprise the Livermore-Berkeley Array for Collaborative
Experiments (LiBerACE) at the 88-Inch Cyclotron at Lawrence Berkeley
National Laboratory (LBNL) in March of 2007. These detectors are each
segmented into four crystals for a total of 24 independent detectors. Each
Clover was surrounded by an array of 16 bismuth-germanate (BGO) detectors,
normally used as Compton suppression shields. These six HPGe/BGO detector
modules were mounted along orthogonal axes with their front faces edge-to-
edge in a cubic pattern in order to maximize the solid angle exposed to a source
located at the center of the array. This detector arrangement provided a high



degree of segmentation (potentially 24 HPGe and 96 BGO detectors, though 5
HPGe and 2 BGO detectors were not operational) while also providing the
ability to identify specific isotopes due to the high resolution of HPGe. The four
table-mounted horizontal-plane detectors were surrounded on three sides (top,
left and right) by 25% density lead bricks to help minimize room background.
The single-photon detection efficiency (for a 662 keV gamma ray) of this array,
measured with a calibrated *’Cs source, was 55%.

We then placed a 1 uCi **Cf liquid (1 ml) source at the center of this array
to measure the gamma multiplicity from spontaneous fission and counted for
about one week. We also counted room background for about two days as well
as five calibrations sources (152Eu, 60C0, 137Cs, 228Th, 54Mn).

The acquisition system was set to trigger on a single photon event and
record all coincident photons detected within a 4 us time window. More precise
timing information was recorded, but not used, as about 10% of the data lacked
such information for unknown reasons and we did not wish to introduce bias. A
1 uCi *2Cf source, with a 3.1% spontaneous fission branching ratio, will
undergo 1150 fissions per second. The number of random, uncorrelated fissions
in a source of this strength occurring within a 4 us time window is 0.46%.
However, most of the gamma rays emitted from a ***Cf source are from the beta-
decay of fission products, known as “beta-delayed gammas.” Our detector array
was also sensitive to background radiation. The count rate with the ***Cf source
at the center of the array was about 6500 Hz, about 2800 Hz of which was from
background sources (measurable when the source was removed). At this rate,
within a 4 us timing window the number of detected events that are uncorrelated
with the triggering gamma (“randoms”) is about 2.6%.

3. Analysis

Two factors primarily affect the difference between the actual source
multiplicity, M, and the defected source multiplicity, M': detector array
efficiency and Compton scattering. While lower detector array efficiency
lowers M’ relative to M, Compton scatters in which energy from a single photon
is deposited in two or more detectors raise M'. Rather than attempt to unfold
our detected M’ distribution to determine a source M distribution, we compared
our results with various experimental and theoretical M distributions by
convolving them through the response function of our array.

To determine this response function at various source photon energies, we
measured calibrated sources with known two-photon-only decays, such as
Co-60, which emits exactly two photons of 1173 keV and 1333 keV in 99.9% of
beta decays. When the full energy of one of these photons is detected in a HPGe
detector, the response of the remainder of the array to a single photon of the



other energy is determined. Summing these events in groups of M determines
the M-photon response function at these specific energies. The response
function to four energies (344 keV, 1173 keV, 1333 keV, and 2615 keV) was
determined from two-photon-only decay branches in three calibration sources
("*?Eu, *°Co, and ***Th) and plotted for two values of M (M=1,10) in Figure 2.
The response function appears to differ only slightly as a function of photon
energy, with the most notable difference at the lowest energy of 344 keV. This
difference lessens as the source multiplicity increases.
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Figure 2: The detected multiplicity (M") response function for a source multiplicity of (a) M=1 and
(b) M=10. The functions are normalized such that the sum of counts with M">0 is equal to unity.
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Figure 3 shows the gamma ray spectrum seen by the HPGe detectors,
divided into four regions above a 100 keV threshold. The borders of these
regions correspond to the midpoints between the four energies at which the
response functions were calculated.
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Figure 3: Efficiency-corrected HPGe spectrum.

An appropriate energy-dependent response function for a B2Cf fission
source was estimated by summing the four single-energy response functions for
each source multiplicity, weighted by the fraction of the spectrum detected in
these four regions. It should be noted that this method overestimates the
contribution of lower energies, as the detected source spectrum includes some
incomplete photon energy deposition from Compton scatter.



4. Results

The detected multiplicity spectrum (M’) in Figure 4 shows four main sources of
gamma rays: room background, cosmic ray background, fission product beta
decays, and fission events.
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Figure 4: Measured multiplicity spectra on a logarithmic scale to show all features. Error bars were
omitted when smaller than the data line. The background data was weighted by the ratio of *°Cf to
background data acquisition times.

Both background sources are easily subtracted by counting with no source
present. The overlap of these spectra in the very high multiplicity region
(M'>~30) of the source spectrum, dominated by cosmic ray muon interactions,
gives high confidence to this background subtraction.

Because of the lack of a fission detector in this experiment, most of the
photons detected were from the beta decay of fission products. These are
overwhelmingly low-multiplicity events, with M<~3-4. These events
unfortunately cannot be separated from the prompt fission multiplicity spectrum
except conceptually. However, we have reasonable confidence that the
probability of detecting M'>7 from a fission product beta decay is negligible,
and we can restrict our comparisons to this region.

To determine the detected multiplicity spectra (M) that the LANL
experiment [5] and theory [6] would produce in our array, the multiplicity
spectra (M) from Figure 1 were convolved with the spectrum-weighted response
functions described in Section 3. Figure 5 compares these with our measured
M’ spectrum. Because the HPGe source from Figure 3 is low-energy weighted
compared to the actual fission spectrum, we also compared our measured results
with the LANL experiment and theory convolved with the array response
function at 1333 keV. This is nearly identical to the responses at both 1173 keV
and 2615 keV and overestimates the multiplicity spectrum as an upper bound.
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Figure 5: Comparison of our measured multiplicity spectrum (left x-axis) with (a) the LANL
experiment [5] and (b) the LANL theory [6] as they would be seen in our detector array (right x-
axis) using two different response functions. Scales have been roughly normalized to the datapoint
at M'=8, where the contribution from beta-delayed gammas is expected to be negligible.
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While the beta-delayed gamma spectrum makes it difficult to quantify, it
appears the centroid of our measured spectrum is similar to those being
compared. However, in the M'>7 region, both the LANL experiment and theory
drop off more rapidly with higher multiplicity than our measurement, reaching
zero yield at M'=20. This difference appears slight when comparing to a higher-
energy response function of the LANL experiment, though the centroid at M'=6
should be lower than we measured due to beta-delayed gamma contamination.

This suggests that the actual multiplicity spectrum (M) from B2Cf fission
may be somewhat broader than previously measured and significantly broader
than that predicted by theory. However, we are restricted to comparisons in the
“uncontaminated” region of high multiplicity. A similar experiment with a
fission product detector, or an alternate method of differentiating beta-delayed
gammas from prompt fission gamma rays, would yield more quantitative results.
Future experiments on neutron-induced fission of uranium and plutonium will
employ such techniques.

Future analysis will employ tagging on gamma ray energies of known
fission products in the HPGe spectrum to determine the gamma ray multiplicity
dependence on neutron multiplicity.
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